ABSTRACT: We analysed the temporal evolution of heat wave frequency in the Paris region in a changing future climate (1960−1989, 2020−2049, 2070−2099). Firstly, a method for extracting heat waves from observed or simulated time series of daily minimum and maximum temperatures was proposed, based on heat-impact considerations. It was evaluated over the period 1951−2009 using observations from 2 meteorological stations of the Météo-France operational network. The past heat waves that have affected the Paris region were correctly identified in terms of both dates and durations. Eight heat waves were extracted from the data for this period of time (i.e. a mean frequency of about 1 in 7 yr). The method was then applied to a large sample of climate projections, including 1 regional climate model (RCM) following 3 emission scenarios (A2, A1B, B1) and 9 combinations of RCMs driven by different global circulation models following the A1B emission scenario only (from the European ENSEMBLES project). The historical runs generated 1 to 5 heat waves, depending on the model, with a median value of 3 events (i.e. a frequency of 1 in 10 yr). All models from the ENSEMBLES database simulated a systematic increase in the frequency of heat wave occurrences with time: 1 heat wave every 2 yr on average over 2020−2049, rising to at least 1, and up to 2, heat waves per year on average over 2070−2099. They also became much longer, with mean durations varying between 6 and 12 d over 2070−2099, and exceptional durations reaching 5 to 9 wk. A comparison of the heat waves simulated with the 3 different emission scenarios highlights the major impact of the scenario on the number of heat wave days (and the duration of heat waves) at the end of the 21st century.
INTRODUCTION
The impact on climate of the concentration of greenhouse gases (GHG) due to human activities is now well established. It results in global warming, which has already been observed over the past century (Easterling et al. 1997 , Houghton et al. 2001 and which is expected to accelerate on a global scale during the 21st century according to climate projections (Meehl & Tebaldi 2004 , Schär et al. 2004 , IPCC 2007 . This global warming is not only characterized by an increase in the mean temperature, but is also associated with an increase in interannual climate variability (Giorgi 2006) that promotes the occurrence of certain extreme meteorological events such as heavy precipitation events, droughts, and hot spells. Numerous recent studies and international research projects have looked into the evolution of such extreme events given the fact that they can have dramatic consequences on the ecosystem, and particularly on human beings and their environment (Rosen zweig & Solecki 2001 , Smoyer-Tomic et al. 2003 in terms of water resources, pollution, bioclimatic comfort and health, energy consumption, or infrastructure management.
According to various studies, global circulation models (GCMs) generally simulate future heat waves as becoming more frequent, more intense and longer than they have been in the past century, e.g. Huth et al. (2000) with the ECHAM3 model and Meehl & Tebaldi (2004) with the Parallel Climate Model. More recently, Chauvin & Denvil (2007) have investigated -on a global scale and in different IPCC (Intergovernmental Panel on Climate Change) scenarios -the evolution of extreme events simulated by the 2 French models, from Centre National de Recherches Météorologiques (CNRM) and Institut Pierre Simon Laplace (IPSL), through a set of severe indexes. They forecast a systematic increase in warm spells at the end of the 21st century. In addition, this trend appears to be faster than that of the mean warming over Europe, probably because of the accompanying evolution of soil moisture conditions (e.g. Fischer et al. 2007 , Mueller & Seneviratne 2012 . These results over Europe have been confirmed by Beniston et al. (2007) in the PRUDENCE (Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks and Effects) project, using a large set of regional climate model (RCM) simulations. Vautard et al. (2007) have shown that heat waves affecting Europe are frequently preceded by winters characterized by a rainfall deficit in the Mediterranean area.
In France, some studies have already focused on climate change on a country-wide scale, based on ob servations (Moisselin et al. 2002 , Dubuisson & Moisselin 2006 or climate projections (Gibelin & Déqué 2003 , Déqué 2005 , Boé et al. 2006 , Martin & Etchevers 2006 , Vautard et al. 2012 . Analyses conducted by the climatology division of Météo-France showed a rise in average temperatures over France during the 20th century, slightly greater than that established by the IPCC on a global scale, with significant regional differences in maximum temperature (Moisselin et al. 2002) . For the future climate, Planton et al. (2008) highlighted a warming trend in both minimum and maximum temperatures. In addition, several French research projects have recently performed impact studies over the country by addressing various issues, such as changes in meteorological extremes (IMFREX; Déqué 2007), heavy rain events (MEDUP; Beaulant et al. 2011) , water resources (REXHYSS; Ducharne et al. 2011) , snow cover in mountainous areas (SCAMPEI; Rousselot et al. 2012) , and dry spells (CLIMSEC; Najac et al. 2010) . In particular, it appears from the IMFREX project that heat waves will increase substantially during the century (Déqué 2007 , Planton et al. 2008 , but with strong regional variability. These results have recently been confirmed by the work of Lemonsu et al. (2013) on the evolution of the climate of the Paris region. They showed a very significant increase in summertime meteorological indexes (very hot days, tropical nights, and heat wave warnings).
The 2003 heat wave resulted in a mortality excess of 15 000 people in France, particularly in the Paris basin (Evin & d'Aubert 2004 , Rous seau 2004 . It raised the awareness of the authorities and population about the health impacts of such extreme meteorological events, which are expected to become more and more frequent in the future due to climate change. The study presented here aims to extract and analyze the heat waves (HWs) simulated by an ensemble of climate models over the Paris basin in the present (1950−2000) and future (2001−2100) climate, considering 3 emission scenarios (B1, A1B, A2). The objective is to assess the range of heat waves that may occur through the 21st century in terms of number, duration, and intensity.
ANALYSIS OF HEAT WAVES FROM
HISTORICAL TIME SERIES
Reference historical time series
Appropriate reference historical time series are needed in order to implement and evaluate the method of identification of HWs. In a domain of about 150 × 150 km around Paris, 7 meteorological stations from the Météo-France operational network (listed in Table 1 ) provided historical time series of daily minimum (T n ) and maximum (T x ) near-surface air temperature, starting in 1945 for the longest and 1974 for the shortest period and running until 2009. Four of them -Roissy, Evreux, Le Bourget, and Beauvais -could not be used because they were either not homogenized (Moisselin et al. 2002) or not subjected to satisfactory quality control (as mentioned in Table 1 ). If observations and climate simulations (Section 3.3) are to be compared, the reference stations and the corresponding model grid point must be similar in terms of local climate and surface characteristics. As the climate models used here to extract HW events did not take into account any local effects due to cities, reference stations had to be located in non-urbanized areas. If data from an urbanized station had been used, the effect of the urban heat island on temperature measurements would have disturbed both the identification of regional HWs and the comparison with climate models. As a result, the stations of Orly Airport and Paris Montsouris (in an urban city park of central Paris) were excluded. Finally, only the stations of Chartres and Montereau, both of which cover a very long time period and do not present any significant break in temperature re cords, were kept. The T n and T x reference historical time series -calculated as the averages of Chartres and Montereau T n and T x time series -were used for the evaluation of HW definition and the comparison with climate model outputs in the rest of the study.
Heat wave definition
According to the literature, there is no universal definition for HWs (Perkins et al. 2012 , Perkins & Alexander 2013 . In climate studies, numerous definitions have been proposed (e.g. Huth et al. 2000 , Meehl & Tebaldi 2004 , Beniston et al. 2007 , Fischer & Schär 2010 , Cueto et al. 2010 , Kuglitsch et al. 2010 , most of them based on the crossing of a threshold of temperature or on a percentile of temperature associated with a minimum duration. For instance, Kuglitsch et al. (2010) consider periods of 3 or more consecutive hot days and nights. A hot day (night) is defined as a day (night) when the daily T x (T n ) exceeds the long-term daily 95th percentile for the June−September season (calculated over 1969−1998 in their study). For Fischer & Schär (2010) , a HW is defined as a spell of at least 6 consecutive days with maximum temperatures exceeding the local 90th percentile of the historical period (1961− 1990) . In the STARDEX (STAtistical and Regional dynamical Downscaling of EXtremes for European regions) project (Goodess 2003) , a HW is de fined as a sequence of at least 6 consecutive days with daily maximum temperatures of at least 5°C above the climatology. The climatology is calculated for a 5 d window centered on each calendar day in the reference simulation.
In France, following the devastating HW event in the summer of 2003, a national operational warning system called 'Plan National Canicule' (PNC) was set up in 2004 (Maillard 2010 , with the objective of helping local authorities in each French administrative county to make decisions in case of HW events. The PNC defines warning levels according to percentile thresholds that are applied to temperature indicators coming from weather forecasts. These minimum and maximum temperature indicators (TI n and TI x ) are calculated as a moving average of daily minimum (T n ) and maximum (T x ) temperatures over 3 consecutive days (D, D + 1, D + 2) in order to take into consideration the heat-stress cumulative effect in time associated with HWs. The percentile thresholds were first calculated in 14 pilot cities using statistical information on excess mortality data from the French Institute for Public Health Surveillance (InVS, www. invs. sante. fr/en), then ex tended to all French counties. These percentiles can be converted into temperature thresholds that vary geographically. When thresholds are exceeded for 3 consecutive days or more, the 'Warning and Action' level of PNC is reached. Preventive measures are then implemented by the county authority to face the potential health risks associated with the HW event.
The new HW definition proposed here combines the different approaches based on climatic studies and the PNC, so that it corresponds to the constraints imposed by the use of climatic projections (only certain meteorological variables are available and with limited temporal resolution) while integrating -in a simple way -information on health impact according to the recommendations of Robinson (2001) . A HW event is first detected by one or more HW peaks, which are determined when the daily TI values from the reference historical time series exceed the temperature thresholds (TI 1 ) applied by the PNC for the corresponding county, i.e. 18°C for TI n and 34°C for TI x in the present study (Fig. 1) Fig. 1 ). In addition, a minimum duration of 3 d is required for the detected event to be considered a heat wave. It is worth noting that the TI 1 thresholds defined for Paris by the PNC were not chosen here because they take the urban heat island into account and are consequently higher than those applied in the countryside around the city. The following section gives a detailed description of the thresholds chosen for the purposes of this study.
Extraction of heat waves observed in the past
The proposed definition was evaluated by checking whether it allowed past HWs that have affected the Paris region to be retrieved. The temperature thresholds presented in the previous section were applied to the reference historical time series of TI n and TI x (based on the average time series of Chartres and Montereau here) and to TI m = (TI n + TI x )/2. For TI m , the thresholds were computed as the average of the thresholds of TI x and TI n , i.e. TI 1 = 26°C and TI 2 = 24°C. A battery of tests was conducted to assess the sensitivity and performance of the extraction method according to the conditions for ex ceeding the threshold. A condition of TI n and TI x thresholds being exceeded simultaneously was too re stric tive. In some cases, it either shortened the HW duration or it did not extract the event. In addition, applying the condition of exceeding the threshold on TI n or TI x was not satisfactory, because numerous days were classified as HW days simply because the minimal temperatures were high by reason of dense cloud cover that limited nocturnal cooling. The best results were obtained by applying the criterion of the threshold being exceeded by the indicators TI x and TI m : a heat wave was extracted when the condition was verified for at least one indicator, and its duration was the maximum duration ob tained with one or other of the indicators (as shown in Fig. 1 ). This ap proach en sured sufficiently high maximum temperatures, while in cluding days when, although the maximum temperature was slightly be low the TI x threshold, the minimum temperature remained very high. These conditions were relevant for our approach, which aimed to identify HW events that could seriously affect the thermal comfort of the population. High night temperatures during a warm event do not give people the opportunity to recuperate physically. The only information available for the evaluation came from the Météo-France archives documenting the main HW events observed over France since 1950. Based on an expert approach, on a countrywide scale, they indicated only 1 HW event of exceptional intensity (August 2003), 3 HW events of strong intensity (1976, 1983, 2006) , 7 HW events of moderate intensity, and 3 HW events of weak intensity (all listed in Table 2 ). However, this information has to be considered with caution, since the climate of France is geographically diverse and some HW events may not affect the whole country but only certain regions (Fig. 2) .
By using the average time series of Chartres and Montereau, the proposed definition identified 8 HW events (see Table 2 ). The events of June−July 1976 and August 2003, the strongest HWs affecting the Paris area, were particularly well described in terms of date and duration: they lasted, respectively, 14 d in our observations against 15 d in the Météo-France database for 1976, and 12 d instead 13 d for 2003. The event of July 2006 was also identified, but was shorter in our observations (12 d against 19), because it affected southern France first, and then the Paris area for about 10 d, which is in accordance with the results ob tained here. It also ended 2 d earlier due to rainy weather that reached the country from the north-west on 26 July, while the HW continued in southeastern France. Finally, the event of July 1983 was not extracted at all in the reference historical time-series, simply because this event affected exclusively Italy and southeastern France (see Fig. 2 ). Four HWs were retrieved over the Paris region with the present method (1952, 1957, 1990, and 1998 ) among the 7 events of moderate intensity, and 1 HW (1992), among the 3 events of weak intensity. The sensitivity of the method to determine HW durations, i.e. the choice of the TI 2 threshold and of the number of days during which TI can decrease below TI 2 , was evaluated (not shown here). The impact on past HW retrieval was small: durations varied by only 1−2 d, and the number of extracted events was unchanged. For comparison, the STARDEX index for HW duration (Goodess 2003) was applied to the reference historical time series. Eight of the 14 past HWs were retrieved by this method (Table 2) , but 8 additional events, which are not listed in the Météo-France archives, were extracted. In conclusion, the new HW definition seems to be able to identify most of past HWs that have affected the Paris area. It is important to emphasize that, unlike the STARDEX index, this definition did not retrieve extra HWs, which confirms the relevance of the chosen thresholds and of the HW-day aggregation method. Finally, it should be noted that the definition of heat wave proposed here, which was first implemented for extracting heat waves over the Paris region, has also been tested over various other locations in France. The results presented in the Appendix show the robustness of the method. 
EXTRACTION OF HW EVENTS FROM CLIMATE PROJECTIONS

Climate models
Two main databases of climate simulations were used, and provided daily minimum and maximum temperature time series from 1950 to 2099. The emission scenarios were applied from 2001.
The first set of climate projections was conducted with the variable-resolution ARPEGE-Climate-v4 model (Gibelin & Déqué 2003) . This version of the model covers France at a 50 km spatial resolution using a stretched grid approach. These projections were performed using A2, A1B, and B1 emission scenarios (IPCC 2007) . We recall here that the A2 scenario is the most pessimistic scenario in terms of temperature since it gives a global average increase of 2.0−5.4°C for the end of the 21st century. The B1 scenario is the most optimistic, with an increase of 1.1− 2.9°C. For the A1B scenario, the range of temperature increase is between the other scenarios (IPCC 2007) .
The second set of projections came from the RT3 database of the European ENSEMBLES project (Christ ensen et al. 2008 , van der Linden & Mitchell 2009 ), which brings together climate simulations produced by a wide panel of European RCMs with a spatial resolution of 25 km. Projections are driven by 3 GCMs from Météo-France (CNRM-CM3), the Max Planck Institute (ECHAM), and the Hadley Centre (HadCM) following the A1B emission scenario only. Nine experiments with the database (listed in Table 3 ; more details at http://ensemblesrt3.dmi.dk) were selected here: they covered the time period of interest, i.e. 1950−2099, and provided the necessary daily minimum and maximum temperatures.
In conclusion, the first set of simulations-1 model following 3 emission scenarios-provided information on the uncertainty due to emissions, whereas the second set-several models using 1 emission scenario-gave access to the uncertainty related to the choice of model. Déqué et al. (2007) demonstrated that model uncertainty can compare with scenario uncertainty, depending on the variables and seasons.
Simulated time series
By combining data from Météo-France and ENSEM BLES databases, 12 time series of daily minimum and maximum temperatures covering 1950− 2099 were obtained (using the model grid points closest to Paris for all climate projections). Note that the 3 ARPEGE simulations had the same historical run whatever the emission scenario. Fig. 3 compares model outputs and Chartres-Montereau observations as a quantile-quantile (q-q) plot over the period 1960− 1989 (only for May−October, which is the period of interest for HWs). It shows that RCMs driven by CNRM-CM3 and HadCM tend to strongly overestimate temperatures (both for T n and T x ). This point is in agreement with the conclusion drawn concerning GCM drivers in the ENSEMBLES report (van der Linden & Mitchell 2009). ARPEGE, and also REGCM, RACMO, and REMO (the last 3 driven by ECHAM), are in rather good agreement with observations. An overestimation of the extremes is, however, observed in the very highest tail of distributions. These biases may be due to a mis re pre sen tation of physical processes by climate models under such conditions , Christensen et al. 2008 , Casati et al. 2013 (1960−1989) . For each plot, the name of the RCM is given, and of the forcing GCM (in square brackets) ECHAM) tends to underestimate T x , as does HIRHAM (also driven by ECHAM), which, in addition, overestimates T n . In order to apply the method of HW extraction based on temperature thresholds to the simulated time series, all models were first adjusted by the q-q matching correction method proposed by Déqué (2007) . This consists of computing a correction function by considering the q-q plot of model outputs versus observations over the same historical period, and applying it to the simulated variables. Model biases were assumed to be independent of GHG emissions (Wilby et al. 1998 ) and, consequently, stationary with time. The same correction functions were thus applied to adjust model outputs in a future climate. Here, seasonal correction functions (May−October) were determined for T n and T x by comparing the reference historical time series with all modeled time series over the 1960−1989 period (Fig. 3) .
Applying such a correction method was motivated here by the requirement to extract the HWs by using absolute temperature thresholds with health impacts (based on statistical analysis of excess mortality from the InVS). This type of approach has been applied previously for similar issues, e.g. by Casati et al. (2013) for several Canadian communities. Teutsch bein & Seibert (2012) and Maraun (2012) show the relevance of the q-q matching correction method for improving climate projections on average. Besides, as mentioned by Casati et al. (2013) , this correction technique is able to capture and partially correct RCM misrepresentations of some physical processes in future climate projections if these defects already appear in the present climate for which the correction function is established. However, the stationary hypothesis on which it is based is not always valid (Driouech et al. 2010) , which makes it impossible to correct any bias linked with the new physical processes observed in a changing climate. Maraun (2012) investigated this issue by using ENSEMBLES RCM projections over Europe. He showed that significant changes in the biases are found in the Alps for T n and in central Europe for T x . In conclusion, in view of the literature results, it seemed appropriate to apply the q-q matching correction method (Déqué 2007) in the present study. Past and future HWs were then extracted from the simulated time series of temperature indicators which were calculated from the corrected T n and T x time series. First, the 1960−1989 historical period was used in order to evaluate the ability of climate models to simulate HWs over the Paris region. Then, 2 future time periods (2020−2049 and 2070−2099) were analyzed to study the evolution of HWs.
Evaluation of past modeled heat waves
The evaluation of climate models consisted in verifying that modeled HWs were comparable to past observed HWs from a statistical point of view. Only 1 HW, of 14 d, was extracted from the 1960−1989 reference historical time series (see Table 4 ). In comparison, the 10 climate projections simulated between 1 and 5 HWs, depending on the experiments (Table 4) , with a median value of 3 HWs. The duration of HWs varied from 3 to 11 d, with a median value of 5 d, and the number of cumulative HW days varied from 4 to 33 d, with a median value of 19 d. Obviously, the highly unpredictable nature and the rarity of such extreme events, as well as the short period of analysis (only 30 yr), made statistical comparison difficult.
For a more objective assessment of the ability of RCMs to simulate past HWs, 100 random draws of 30 yr with replacement were carried out from the observed and simulated time series over 1951−2000. This bootstrapping technique was performed for blocks of 6 mo (May−October) of a given year for the T n and T x time series, which had been previously detrended from present climate, i.e. by removing the mean trends computed from the yearly time series of T n and T x averaged year-by-year for May−October of 1951−2000. Once the new T x and T n time series had been randomly built, the trend in the present climate was applied again (for each RCM as well as for observations). New TI x and TI m time series were then computed and used to extract heat waves. From the analysis of HWs for the 100 draws, we deduced the mean values and standard deviations of the number of events, of their durations, and of their daily mean and maximum temperature indicators (TI m and TI x ) that had been averaged for each HW. The results show that HWs simulated by most climate models were within the range of variation of those observed, in terms of both the occurrence of events and their characteristics (Fig. 4) . It is noteworthy, however, that both RCMs driven by HadCM, as well as HIRHAM driven by ECHAM, tended to simulate too many HWs with mean values beyond the observed data (computed as mean value + standard deviation). It is also noteworthy that the event observed during the historical period was exceptional in both its duration (14 d, whereas the mean duration derived from the statistical analysis was around 6. 
OCCURRENCE OF FUTURE HEAT WAVES
Future HWs were successively analyzed for the 2 databases of climate projections. For each of them, the number of HWs, the number of cumulative HW days, and the HW durations were computed separately for each climate projection over the different time periods (Table 4) . These results are presented in the form of boxplots in Figs. 5 & 6. It should be noted that the analysis was performed by using only one 30 yr sample per period, which may not be fully representative of the models' behavior. The samples were, however, too short to allow the use of a bootstrap technique to derive larger samples for comparison.
Uncertainty related to model choice for the A1B emission scenario
According to Fig. 5a , all models from the ENSEM-BLES database simulate a systematic increase in the frequency of occurrence of HWs with time, but there is significant variability among them, both with regard to the number of events and to the trends over the 21st century. First, HIRHAM (driven by ECHAM) differs from the others by simulating very few events: from 3 HWs over the historical period to 7 in 2020− 2049 and only 6 in 2070−2099 (Table 4) . ALADIN (driven by CNRM-CM3), and CLM and HadRM (both driven by HadCM) display a sharp increase between 1960−1989 and 2020−2049, during which > 21 events are counted (Table 4 ). The frequency of occurrence of HWs is slightly more than doubled between 2020−2049 and 2070−2099. For HIRHAM (driven by CNRM-CM3) and other models driven by ECHAM, the increase is more significant in the second part of the century than in the first part, except for RACMO (driven by ECHAM), which indicates a constant trend. Finally, without considering the particular case of HIRHAM (driven by ECHAM), the climate projections give between 31 and 49 HWs over 2070−2099 (Table 4) , i.e. between 1 and 2 HWs yr −1 (Fig. 5) . For comparison, the Paris region was affected by 8 HWs between 1950 and 2009, which corresponds to a frequency of 1 in 7 yr.
Besides increasing in number, the HWs also become longer. The analysis of the events extracted separately for each model indicated that their average durations reached 6−12 d over the period 2070− 2099 compared with 5−8 d over 1960−1989 and 2020− 2049 (not shown) . In addition, a majority of climate projections (both RCMs driven by CNRM-CM3, both RCMs driven by HadCM, and RACMO driven by ECHAM) simulated a significant number of events (>15%) of 2 wk or more (Fig. 5c ). Several HWs with exceptional durations of 5−9 wk were also retrieved at the end of the 21st century.
The Déqué et al. (2007) and confirmed by Déqué et al. (2012) for the summer season.
Uncertainty related to emission scenarios for one climate model
According to ARPEGE climate projections, 18, 14, and 21 HWs were simulated in 2020−2049 following B1, A1B, and A2 scenarios, respectively, and 40, 60, and 57 HWs in 2070−2099, while only 1 HW was simulated over the historical period (Table 4) (Table 4 ). This shows, first, that ARPEGE (like the models of the ENSEM-BLES project) simulates a very marked increase in the frequency of occurrence of HWs and in the number of HW days regardless of the emission scenario.
The differences between emission scenarios can be put in perspective with the inter-model variability assessed from the climatic projections of the ENSEM-BLES database. For 2020−2049, the difference between scenarios is not significant, either in number of HWs or in number of cumulative HW days simulated with the A2, A1B, and B1 emission scenarios, since the standard deviations obtained with the ENSEM-BLES models are about 7 for the number of HWs and 67 for the cumulative HW days. For 2070−2099, the number of HWs simulated by ARPEGE with A1B and A2 remains the same, with 57−60 events, but, in con-trast, B1 leads to far fewer HWs (17−30 events less, i.e. > 30% less), which is significant compared to a standard deviation of 13 for the number of HWs simulated by the ENSEMBLES models. Finally, with the A2 emission scenario, ARPEGE simulates 1.4 and 2.6 times more cumulative HW days than with A1B (692 HW days) and B1 (374 HW days) scenarios, respectively, for 2070−2099. These differences are considerably larger than the standard deviation of 170 HW days obtained for the ENSEMBLES models. In conclusion, analysis on a year-by-year basis indicates that the A1B and A2 emission scenarios agree on mean and median values of 2 HWs per year in 2070−2099 against 1 HW for B1 (Fig. 6) . However, the events are longer with A2 (>17 d on average) than with A1B (>11 d), and B1 (9 d). The emission scenario has a major im pact on the number of HW days (and the duration of HWs) at the end of the 21st century. Globally, these trends are consistent with the fact that B1 and A2 are the scenarios that in duce the lowest and highest increases, respectively, in globalscale temperatures (with intermediate trends for A1B).
Characteristics of future heat waves
Some statistics on temperatures of HWs were calculated and are presented in this section in order to analyze the evolution with time of HW characteristics. Each HW is associated with a simulated time series of daily minimum temperature (T n ) and of daily maximum temperature (T x ), from which the mean and maximum values of T n and T x were computed. This work was done separately for all HWs extracted in the Météo-France and EN-SEMBLES databases, and for the different time periods (1960−1989, 2020− 2049, and 2070− 2099) . It is important to remember that all climate projections had been previously adjusted by thematching correction method (Déqué 2007 ) described in Section 3.2. Table 5 compares T n and T x mean and maximum values of all HW events for each time period and each database, by specifying the median of each sample, as well as the upper quartile to focus on the most extreme events (the method of HW extraction, which is based on when thresholds are exceeded, implies that a large number of events are characterized by temperatures that are slightly above the prescribed thresholds).
For HWs simulated by the ENSEM-BLES models, both median values and upper quartiles display a systematic increase in mean T n and T x between 1960− 1989 and 2020−2049 and between 2020−2049 and 2070−2099. The increase is less pronounced for T x than for T n (+ 0.4°C vs. + 0.6°C for the median and + 0.6°C vs. +1.1°C for the upper quartile between 2020−2049 and 2070−2099), which corresponds to the general trend of temperature evolution in summer (not shown here). Thus, at the end of the 21st century, the median value for the mean T n reaches 19.1°C, which is largely above the threshold of HW detection for TI n (TI 1 = 18°C). In comparison, the median value for the mean T x reaches only 33.2°C. The same trends are globally highlighted for the maximum T n and T x , but are even stronger. In the same way as for the ENSEMBLES projections, the mean and maximum values of T n and T x increase between 2020−2049 and 2070−2099. Again, T n increases more than T x . For T n only, the trends vary differently depending on the emission scenario: + 0.4 (+1.7)°C for the mean and maximum values of T n for the B1 scenario, +1.0 (+ 2.4)°C for the A1B scenario, and +1.7 (+ 2.6)°C for the A2 scenario. This shows that future HWs seem to be associated with a worsening of thermal conditions at night, all the more significant since the emission scenario is pessimistic. However, these findings among emission scenarios must be considered with caution because the differences in temperature (both for T n and T x ) noted between heat waves extracted from ARPEGE projections for scenarios B1, A1B, and A2 are of the same order of magnitude or even lower than the standard deviations calculated from the temperatures of heat waves extracted from the ENSEMBLES database (performed with A1B emission scenario). Finally, for both ENSEMBLES and Météo-France historical runs, 100% of HWs take place in July/ August. But, at the end of the century, the HW season extends from June to September -with some days even in May -because HWs become longer (the days adjacent to HW peaks extend beyond July and August), or because isolated events occur in June and September.
Relation between mean warming and occurrence of heat waves
For all the ENSEMBLES and ARPEGE climate projections, the mean warming in minimum (ΔT n ) and maximum (ΔT x ) daily temperatures (for the 6 mo period from May to October) was computed between 1960−1989 and 2020−2049 and between 1960−1989 and 2070−2099 . These mean trends were compared to the increase in both the number of heat waves (ΔHWs) and the number of heat wave days (ΔHW days) over the same time periods (Fig. 7) . Simple linear relationships are observed between these trends, whether between ΔT n and ΔHWs/ΔHW days or between ΔT x and ΔHWs/ΔHW days, with high correlation coefficients. R-squared reaches 0.89 and 0.82 for ΔT x compared to ΔHWs and ΔHW days, respectively, while it is slightly lower but significant for ΔT n (0.71 and 0.58). It therefore seems possible to determine the changing occurrences of heat waves from average seasonal trends. There is a slight dispersion between models, especially for ΔT n . Some models, such as HIRHAM and REMO (both driven by ECHAM), are systematically below the linear regression line, whereas ARPEGE, ALADIN (driven by CNRM-CM3), and HIRHAM (when also driven by CNRM-CM3) are above. These differences are directly related to a more or less marked intra-seasonal variability. Finally, it is also interesting to note that for both ΔHWs and ΔHW days, the slope is a little higher for ΔT n than for ΔT x , which means that the heat wave occurrences are more influenced by the mean increase in minimum daily temperature than in maximum daily temperature.
CONCLUSIONS
We analysed the evolution over time of the occurrence frequency of heat waves in the Paris region in a changing future climate (1960−1989, 2020−2049, 2070− 2099) . Firstly, a method for ex tract ing heat waves from observed or simulated time series of daily maximum and minimum temperatures was pro- The method was next applied to a large sample of climate projections, including 1 RCM following 3 emission scenarios (A2, A1B, B1) and 9 combinations of RCMs driven by different GCMs following the A1B emission scenario only (from the ENSEMBLES European project). For all of them, the time series of minimum and maximum temperature were corrected by the quantile-quantile matching correction method in an earlier step. The historical runs generated 1−5 heat waves, depending on the model, with a median value of 3 events (i.e. a mean frequency of 1 in 10 yr). All mo dels from the ENSEMBLES database simulated a systematic increase in the frequency of occurrence of HWs with time: 1 heat wave every 2 yr on average over 2020−2049 and at least 1 heat wave per year and up to 2 heat waves per year on average over 2070− 2099; they also became much longer, with mean durations varying between 6 and 12 d in 2070−2099 and exceptional durations reaching 5−9 wk. The comparison of this set of climate projections seems to indicate a significant influence of the forcing GCM. RCMs driven by CNRM-CM3 and HadCM tended to simulate more HWs than RCMs driven by ECHAM. The choice of RCM does not seem to be negligible even though a larger en semble must be used to confirm the relative role of the GCM choice versus RCM choice. This will be one of the major advantages of the CORDEX program, which is just starting and for which a large GCM-RCM matrix is currently being produced by the modeling groups (Giorgi et al. 2009 , Jacob et al. 2013 . The comparison of the HWs simulated with the 3 different emission scenarios highlights the major impact of the scenario on the number of HW days (and the duration of HWs) at the end of the 21st century, whereas it is not significant for 2020−2049.
This work assesses the range of variation of HWs that could affect the city of Paris in the future. The results obtained for the end of the 21st century highlight the need to implement effective mitigation and adaptation strategies in order to reduce the vulnerability of cities and urban populations to such extreme events. This is all the more pertinent given that the cities are already affected today by the urban heat island, which is characterized by higher temperatures in urban environments than in the surrounding countryside, particularly at night. It is believed that this effect is superimposed on global warming and exacerbates HW situations. To illustrate this issue, HWs were extracted from the time series recorded at Mont souris Park in central Paris using the methodology presented here for 1960−1989. The results are in cluded in Fig. 4 (referred to as OBS [urban] ) and in Table 4 (referred to as urban). A strong increase in the number of HWs due to the urban heat island effect is shown (Table 4) : 6 events were identified compared to just 1 from the reference historical time series. The statistical analysis over 1951−2000 also indicates that TI m is 1°C warmer for the urban time series than for the rural reference (Fig. 4) . Within the framework of the French research project VURCA (Vulnérabilité URbaine aux épisodes Caniculaires et stratégies d'Adaptation: the French acronym for Vulnerability of cities to future heat waves and adaptation strategies), for which this study is a part, numerical simulations will be performed in order to study the evolution of the Parisian urban climate and, particularly, the urban heat island, under conditions of future heat waves. The method of extraction of heat waves implemented in the main part of the study for the Paris region was also applied to other locations in France in order to evaluate its robustness. Six time series of observed daily minimum and maximum temperatures, available from 1975 for the regions of Bordeaux, Lille, Lyon, Nantes, Strasbourg, and Toulouse (see locations in Fig. A1 ), were selected. For each station, heat waves were extracted according to the same techniques (see Section 2.2), but by using the different temperature thresholds prescribed by the Plan National Canicule, depending on the administrative counties.
The results are presented in Table A1 for the most significant heat waves, which are mentioned in the Météo-France archives (1976, 1983, 2003, and 2006) . As shown in Fig. 2 , these 4 events arose as a result of different largescale meteorological conditions, and did not affect the whole country in the same way in each case: the 1976 heat wave mainly hit the northern half of France, whereas the 1983 heat wave was especially marked in the southeast of France and, to a lesser extent, in the eastern part of the country. The 2003 and 2006 heat waves both hit the whole country, although the 2006 heat wave started earlier in the southern half of France before extending to the north.
These differences in impacts on a regional scale are correctly captured by the method of heat wave extraction applied to 7 regions in France. The 1976 heat wave is extracted only from the time series recorded at the stations located in the northern part of the country, i.e. Lille, Nantes, Paris, and Strasbourg. Note that the dates and durations of events obtained for each region are similar to each other and with what is recorded in the Météo-France archives (Table A1) . Only the stations close to Lyon and Strasbourg (east and northeast of France, respectively) indicate the occurrence of a heat wave in July 1983, which is consistent with the meteorological situation (see Fig. 2 ). However, the recorded events are shorter than the heat wave archived (23 d) because this event principally affected the southeast of France, and then extended to the northeast, reaching the regions of Lyon (15 d) and Strasbourg (6 d). Finally, the 2003 and 2006 heat waves are both identified at all the stations, whatever the region of France. The 2003 event is especially well defined, with very similar durations from one region to another: the heat wave starts between 1 and 3 August, with durations of 10−13 d, whereas the archived event is 2−14 August. For 2006, the results are more variable. They indicate that the heat wave ended 1 wk earlier in the regions of Bordeaux and Lille, whereas it lasted until 27 July in the other regions, in accordance with the archived data ( 
